Background: The benefit of ivabradine as an adjunctive therapy to conventional treatment in patients with heart failure (HF) with reduced ejection fraction (HFrEF) is a reduction in both cardiovascular death and HF hospitalization. This study aimed to analyze the costeffectiveness of ivabradine plus standard treatment compared with standard treatment alone. Methods and results: An analytical decision model was used to analyze lifetime costs and quality-adjusted life-years (QALYs) from a healthcare perspective. The study cohort comprised HFrEF patients with left ventricular ejection fraction (LVEF) <35%, with subgroup analysis of those with baseline heart rate ≥77 bpm. Clinical inputs were obtained from a landmark trial. All cost-related data, risk of non-cardiovascular death and readmission rate were based on Thai data. Costs and QALYs were discounted at 3% and presented as 2018 values. Findings were reported as incremental cost-effectiveness ratios (ICERs). Sensitivity analyses were also performed. Ivabradine plus standard treatment costs more than standard treatment (71,071 vs 18,736 THB or 2,161.54 vs 569.82 USD), and is more effective (6.08 QALYs vs 5.84 QALYs), yielding an ICER of 214,219 THB/QALY (6,515.16 USD/QALY). Ivabradine was not cost-effective at the Thai willingness to pay threshold of 160,000 THB/ QALY. The results were sensitive to risk of non-hospitalization cardiovascular death, and costs of HF hospitalization and ivabradine. However, the ICER of subgroup was below the threshold (86,317 THB/QALY or 2,625.20 USD/QALY). Conclusion: This study revealed the addition of ivabradine to standard treatment to be a cost-effective treatment strategy in HFrEF patients with a heart rate ≥77 bpm.
Introduction
Ivabradine has been recommended as an adjunctive therapy to conventional treatment in patients with heart failure (HF) with reduced ejection fraction (HFrEF), sinus rhythm, and heart rate greater than 70 beats per minute (BPM). Conventional treatments for patients with this condition include angiotensin-converting enzyme inhibitors (ACEIs) or angiotensin receptor blockers (ARBs), beta-blockers, and mineralocorticoid receptor antagonists (MRAs). The recommendation for ivabradine is class IIa in the current practice guidelines from the European Society of Cardiology (ESC) 1 and the American College of Cardiology (ACC). 2 Class IIa means that the treatment should be considered in selected population in order to reduce cardiovascular death and heart failure hospitalization based on the findings and recommendations of the Systolic Heart failure treatment with the I f inhibitor ivabradine Trial (SHIFT) study. 3 Ivabradine is a selective I f channel blocker that inhibits the pacemaker current of the sinoatrial node cells, which results in a reduced heart rate with no lowering of blood pressure, no modification of cardiac contractility, and no adverse influence on sympathetic system modulation. 4 Since elevated heart rate increases the risk of death and adverse outcomes in patients with HFrEF, 5, 6 the reduction of heart rate is associated with a better patient outcomes. 3, 7 In the SHIFT study, in patients with HFrEF with left ventricular ejection fraction (LVEF) less than 35% and on conventional treatment for HFrEF, the addition of ivabradine 7.5 mg twice a day was found to be associated with a substantial reduction in the primary composite endpoints "cardiovascular (CV) death" and "HF hospitalization". 3 Since healthcare resources are limited in all countries, the recommendations for medications, especially costly medications, may require country-specific evidence that supports the cost-effectiveness of the drug being requested. To justify the cost-effectiveness of new interventions, the incremental costeffectiveness ratio (ICER) is commonly compared with the level of willingness to pay (WTP). Although there have been several published cost-effectiveness studies of ivabradine in patients with HF from the United States, 8 European countries, 8, 9 and Australia, 10 those countries have different healthcare systems and a higher level of WTP compared to Thailand, which is classified as a middle-income country. Accordingly, the aim of this study was to analyze the costeffectiveness of ivabradine plus standard treatment compared with standard treatment alone in Thai patients with HFrEF.
Methods

Model Description
A previously used and reported analytical decision model for HFrEF treatment 11 was applied in the present study ( Figure 1 ). Briefly, during each 3-month cycle of a patient's lifetime, patients with HFrEF would be alive with no events, would be hospitalized when HF symptoms occurred, or would be dead from either cardiovascular causes (CV death) or non-CV causes (non-CV death). For hospitalization health state, HFrEF patients were either readmitted or not readmitted within 30 days of discharge. The model assumed that only patients with a 30-day readmission could die from CV causes. The costeffectiveness of ivabradine was estimated based on the incremental cost per QALY gained. The data analysis using Microsoft ® Excel (Microsoft Corporation, Redmond, WA, USA) was performed from a healthcare system perspective.
Cohort and Subgroup Populations
The baseline characteristics of the cohort population in this study (HFrEF patients with LVEF less than 35% receiving conventional pharmacologic HFrEF treatment) were the same as those evaluated and reported in the SHIFT trial. 3 The cohort population in this study was aged ≥60 years according to the reported average age of Thai patients with HF. 13 Included patients with a heart rate ≥77 bpm were included in the subgroup analysis.
Intervention and Comparator
Ivabradine (7.5 mg twice daily) added to the standard treatment was compared with standard treatment alone. Standard treatment included the medications listed in the SHIFT trial, 3 including β blockers (90%), ACE inhibitors (80%), ARBs (14%), and diuretic drugs (60%). Only the most commonly used medication in each drug group was taken into consideration according to the recommendation of the Thai Health Technology Assessment (HTA) guideline. 12 Those medications included carvedilol (6.25 mg twice daily), enalapril (10 mg twice daily), losartan (50 mg once daily), and spironolactone (25 mg once daily).
Input Parameters Cardiovascular Mortality
Cohort Population
The CV mortality risks were derived from the 22.9-month follow-up period in the SHIFT trial, 3 which reported 491 (15.04%) CV deaths out of 3264 patients receiving standard treatment, and 449 (13.85%) CV deaths out of 3241 patients receiving ivabradine plus standard treatment. The risks were then converted to 3-month probabilities. Based on information from a Thai database, 13 15% of all CV deaths in patients with HF occurred during the hospitalization, so this proportion was used to calculate the hospitalization and non-hospitalization mortality risks. The hospitalization and non-hospitalization mortality risk in patients receiving standard treatment were 0.0032 and 0.0179, respectively; whereas, the hospitalization and nonhospitalization mortality risk in the ivabradine group were 0.0029 and 0.0164, respectively ( Table 1) .
Subgroup Population
Although significant reduction in CV mortality was not demonstrated in the main SHIFT trial, which enrolled . Second, the number of CV deaths in patients with a baseline heart rate of ≥77 bpm was estimated from the overall number of CV deaths (491 deaths) in the standard treatment group and the calculated RR from the first step, which resulted in 297 deaths (491*153/253) out of 1700 patients who were receiving the standard treatment within the 22.9-month follow-up period. To estimate the number of CV deaths in the ivabradine plus standard treatment group, the aforementioned HR of 0.81 was used. Next, the CV mortality risk for a 3-month cycle was calculated using the same method as the one used for the cohort population. The 3-month risk of CV mortality in patients with a baseline HR of ≥77 bpm in the standard treatment group and the ivabradine plus standard treatment group was 0.0248 and 0.0202, respectively (Table 1) .
Non-Cardiovascular Mortality
Age-specific mortality rates for Thai general population that died from a non-CV cause were calculated based on data from the burden of disease in the Thai population, 15 and from the cause of death on record at the Thailand Ministry of Public Health. 16 These mortality rates were then converted to 3-month risks ( Table 1 ). 
Hospitalization and All-Cause Readmission
The risk of HF hospitalization was derived from the data reported in the SHIFT trial. 3 At a median follow-up of 22.9 months, 672 (20.59%) out of 3264 patients receiving the standard treatment were hospitalized, whereas 514 (15.86%) out of 3241 patients receiving ivabradine plus the standard treatment were hospitalized. The 3-month risk of HF hospitalization for the standard group and the ivabradine group was 0.0297 and 0.0224, respectively ( Table 1 ).
The rate of readmission from any cause within 30 days in the standard treatment group was estimated from the Thai HF national database, 13 which reported a 34% rate of readmission. To derive the all-cause readmission rate in the ivabradine group, we used data from the post-hoc analysis of the SHIFT trial (odds ratio [OR]: 0.78; 95% CI: 0.59-1.02), 17 and this data were converted to relative risk (RR). The risk of readmission in the ivabradine group was the product of the RR of readmission and the risk of all-cause readmission in the standard group (Table 1 ).
Costs
Since this study was designed and conducted from a Thai healthcare system perspective, only direct medical costs, such as the costs of medications and hospitalization, were included. Other direct costs, like outpatient visits and laboratory investigations were assumed to be the same in both groups; hence, they were not included in the analysis. The acquisition cost of ivabradine, which was obtained from the Drug and Medical Supply Information Center (DMSIC) of the Thailand Ministry of Public Health, 18 was 6741 THB per cycle or 74.9 THB per day. Cost of standard treatment was calculated from the unit cost of the representative medication and its proportion of usage, as mentioned above. The median price of a particular medication was used as the unit cost according to the recommendation of the Thai HTA guideline. 19 Those median costs were obtained from the announcement of median drug price in accordance with the National Drug System Development Committee. 20 Cost of standard treatment was 725.27 THB per cycle or 24.2 THB per day. The cost of hospitalization was obtained from the institutional database of Siriraj Hospital, which is Thailand's largest universityaffiliated tertiary referral center. The average hospital cost was 56,552.27 THB. All cost data were adjusted and presented as 2018 values, and were converted into United States dollars (USD) using an exchange rate of 32.88 THB/USD. 22 
Utility
Due to a paucity of preference-based health outcome data among HF patients in Thailand, the utility parameters were obtained from a cost-effectiveness study by Adena, et al. 11 that measured utility by EuroQoL in patients enrolled in the SHIFT study. 3, 17 The utility of "stable HF health state" and "hospitalization health state" was 0.75 and 0.65, respectively ( Table 2) .
Study Analyses
Base-Case Analysis
The base-case approach was used to estimate the ICER in THB per life year (LY) or QALY gained as the difference in total costs divided by the difference in outcomes of ivabradine plus standard treatment and standard treatment alone. According to the Thai Health Technology Assessment (HTA) guideline, 21 lifetime costs and outcomes are to be discounted at an annual rate of 3%. A new treatment was considered to be cost-effective when the estimated ICER was not greater than the threshold of 160,000 THB per QALY, or about 1.2 times per capita gross national income (GNI). 22 Subgroup analysis in patients with a baseline heart rate ≥77 bpm was also performed.
Sensitivity Analysis
The impact of altering each of the individual input parameters within its range was evaluated using one-way sensitivity analysis to test the robustness of the model results. Evaluated parameters included, but are not limited to, CV mortality, hospitalization, and readmission risk. According to the Thai HTA guideline, 21 hospitalization costs are to be varied according to the minimum and maximum value. The results of one-way sensitivity analysis are demonstrated as a tornado diagram. A probabilistic sensitivity analysis (PSA) was used to estimate overall parameter uncertainty in a model by varying all inputs sampled from the statistical distribution. 23 A beta distribution was used for the probability and utility parameters, and a gamma distribution was used for the cost parameters. A log-normal distribution was assigned for the relative risk parameters. The process was repeated one thousand iterations, each ICER was recalculated from the resampled inputs simultaneously, and all ICERs were plotted on the cost-effectiveness plane. A cost-effectiveness acceptability curve (CEAC) was generated to demonstrate the likelihood of ivabradine costeffectiveness at different willingness to pay values. 24 
Results
Base-Case Analysis
The findings of this study revealed ivabradine plus standard treatment to be associated with higher cost and better health outcomes than standard treatment alone. The total cost of ivabradine plus standard treatment was 71,071 THB (2,161.54 USD) compared to a total cost of standard treatment alone of 18,736 THB (569.82 USD). Effectiveness measured as life-years (LYs) and quality-adjusted life-years (QALYs) was greater in the ivabradine plus standard treatment group than in the standard treatment group (8.14 vs 7.92 LYs and 6.08 vs 5.84 QALYs, both, respectively). These values yielded ICERs of 240,132 THB/LY (7,303 USD/LY) and 214,219 THB/QALY (6,515.16 USD/ QALY), both of which are far higher than the Thai willingness to pay (WTP) threshold of 160,000 THB/QALY or 4,866.18 USD/QALY ( Table 3 ).
The findings from subgroup analysis indicated the addition of ivabradine to standard treatment in HFrEF patients with baseline HR ≥77 bpm to be a cost-effective treatment strategy. The resulting ICERs were 65,690 THB/LY (1,997.88 USD/ LY) and 86,317 THB/QALY (2,625.20 USD/QALY), which are both far lower than the Thai WTP threshold (Table 3 ).
Sensitivity Analysis
From 14 variables that varied within their respective specified range, we found that risk of non-hospitalization cardiovascular death, costs of hospitalization and ivabradine, utility of stable HF states, and discount rate had some impact on ICER in both cohort population analysis and subgroup population analysis, as shown in Figure 2A and B, respectively. The cost of ivabradine was varied to analyze the appropriate drug cost which yielded an ICER below the Thai threshold. The daily cost of ivabradine was estimated to decrease to approximately 56 THB to bring the ICER below the WTP threshold of 160,000 THB/QALY (Figure 3 ).
As revealed from the scatterplots in Figure 4 , ivabradine treatment had higher cost, but it produced better QALY in both cohort population and subgroup population (Figure 4) . At a willingness to pay (WTP) level of 160,000 THB/QALY, the likelihood of ivabradine treatment being cost-effective was 46% in the cohort population, and 60% in the subgroup population ( Figure 5 ).
Discussion
The base-case analysis in this study revealed that ivabradine plus standard treatment costs more than standard treatment alone, but that ivabradine treatment results in a greater number of QALYs in HFrEF patients aged ≥60 years. However, the ICER was found to be above the Thai WTP threshold of 160,000 THB/QALY, which indicates that ivabradine is not a cost-effective treatment strategy in this cohort population. However, our subgroup analysis revealed the addition of ivabradine to standard treatment in HFrEF patients with a baseline heart rate ≥77 bpm to be a cost-effective treatment alternative, because its cost (ICER = 86,317 THB/QALY or 2625.20 USD/QALY) fell below the Thai WTP threshold of 160,000 THB/QALY. Findings from the United States, 25 United Kingdom, 8 Greece, 9 and Australia 10 also revealed the cost-effectiveness of adding ivabradine to standard treatment in HFrEF patients with a baseline heart rate of >70, 75, 75, and 77 bpm, respectively, based on each country's respective acceptable WTP threshold. All of the studies referred to in this report that compared the cost-effectiveness between the two investigated treatments used treatment efficacy data from the SHIFT trial. 3 That trial demonstrated a significant reduction in the composite endpoint "cardiovascular death and hospitalization for worsening heart failure" (HR: 0.82, 95% CI: 0.75 to 0.90) when ivabradine was added to the standard treatment. Despite the presence of several study-related differences among the participating countries that resulted in different estimated ICERs, none of the individual ICERs was above that country's WTP threshold. The aforementioned differences among countries included differences in the analytical decision models, the time horizons, the study perspectives, and the discount rates. Given the limited generalizability of findings from costeffectiveness studies conducted in other countries to a Thai context, we used Thailand-specific cost and epidemiological data in this study. Cardiovascular mortality and noncardiovascular mortality were based on the national trend of hospitalized heart failure patients in Thailand, 13 the burden of disease in Thailand, 15 and health statistics from the Thailand Ministry of Public Health. 16 Hospitalization cost data were obtained from a large national tertiary referral hospital that provides both basic and advanced treatment to HF patients. We, therefore, assumed that these data would correctly reflect the cost of HF hospitalization in Thailand. The findings of oneway sensitivity analysis (Figure 2 ) revealed that the costs of HF hospitalization and ivabradine exerted some effect on the ICERs of both the cohort population and the subgroup population. A reduction in these costs would bring the ICERs in both groups down. If the daily cost of ivabradine could be reduced to approximately 56 THB, the ICER would be below the WTP threshold of 160,000 THB/QALY in the cohort population. At a daily cost for ivabradine of 56 THB and a WTP threshold of 160,000 THB/QALY, the cost-effectiveness of the addition of ivabradine to standard treatment would be 46% in the cohort population, and 60% in the subgroup population.
Conclusion
The results of this study revealed the addition of ivabradine to standard treatment to be a cost-effective treatment strategy in Thai HFrEF patients with abaseline heart rate ≥77 bpm.
